19 20 Transposable elements (TEs) are an almost universal constituent of eukaryotic 21 genomes. In animals, Piwi-interacting small RNAs (piRNAs) and repressive 22 chromatin often play crucial roles in preventing TE transcription and thus 23 restricting TE activity. Nevertheless, TE content varies widely across eukaryotes 24 and the dynamics of TE activity and TE silencing across evolutionary time is 25 poorly understood. Here we used experimentally evolved populations of C. 26 elegans to study the dynamics of TE expression over 400 generations. The 27 experimental populations were evolved at three different population sizes to 28 manipulate the efficiency of natural selection versus genetic drift. We 29 demonstrate increased TE expression relative to the ancestral population, with 30 the largest increases occurring in the smallest populations. We show that the 31 transcriptional activation of TEs within active regions of the genome is 32 associated with failure of piRNA-mediated silencing, whilst desilenced TEs in 33 repressed chromatin domains retain small RNAs. Additionally, we find that the 34 sequence context of the surrounding region influences the propensity of TEs to 35 lose silencing through failure of small RNA-mediated silencing. Together, our 36 results show that natural selection in C. elegans is responsible for maintaining 37 low levels of TE expression, and provide new insights into the epigenomic 38 features responsible. 39 40
Introduction 41 42
Transposable elements (TEs) are almost ubiquitous across eukaryotic genomes 43 (Chuong et al., 2017) . Their ability to replicate independently of the host genome, 44 coupled with the existence of multiple copies liable to ectopic recombination means 45 they present a potential threat to genome stability. Moreover, TEs pose a threat to 46 genome function as new integrations can disrupt genes or gene regulatory elements.
As a result, organisms have evolved sophisticated control strategies, which protect the 48 genome from TE proliferation. Across eukaryotes, short (20-33 nucleotides) small 49
RNAs play an important role in the suppression of TE activity. Within animals, Piwi-50 interacting small RNAs (piRNAs) are paramount in the TE defence armoury (Siomi et 51 al., 2011) . piRNAs are produced from defined genomic loci named piRNA clusters 52 and after processing, associate with the Piwi subfamily of argonaute proteins 53 (Brennecke et al., 2007) . They recognise TEs through sense-antisense base pairing 54 and target TEs for transcriptional and post-transcriptional silencing (Siomi et al., 55 2011 ). In many model organisms, piRNAs are essential for fertility through their role 56 in controlling TE proliferation in the germline (Weick and Miska, 2014) RNA polymerases using the target RNA as a template, following initiation by piRNA 72 target recognition (Pak and Fire, 2007) . 22G-RNAs bind to Argonaute proteins and 73 lead to transcriptional and post-transcriptional silencing of target RNAs (Yigit et al., 74 2006) . Additionally 22G-RNAs can be transmitted transgenerationally (Buckley et 75 al., 2012) and as a result piRNA-initiated silencing can persist for many generations 76 have been proposed to account for this. First, silencing mechanisms differ between 85 organisms. For example, the entire piRNA pathway has been lost independently 86 multiple times in nematodes (Sarkies et al., 2015) , and was lost in parasitic flatworms 87 (Fontenla et al., 2017; Skinner et al., 2014) and in dust mites (Mondal et al., 2018) . 88
Second, it is possible that some TEs may have beneficial consequences through their 89 ability to act as reservoirs for evolutionary novelty. For example up to 60% of 90 human-specific enhancers may be TE-derived (Rebollo et al., 2011) and TE insertions 91 have been proposed to substantially rewire the human immune cell transcriptome 92 (Imbeault et al., 2017) . TEs themselves may also be co-opted into developmental 93 programs. For example, transcription of L1 RNA is observed at the 2-cell stage in 94 mouse embryogenesis where it may have a direct role in coordinating gene expression 95 programs (Percharde et al., 2018) . Furthermore, TEs may serve as a genome-wide 96 source of regulatory elements (Chuong et al., 2017) . Despite these examples, TEs are 97 overall considered to be detrimental to fitness and beneficial TE insertions appear 98 overrepresented due to the effects of natural selection in weeding out deleterious 99 insertions (Simonti et al., 2017) . The diversity of TEs across evolution may thus 100 reflect population genetics factors such as population structure and effective 101 population size. For example, even moderately deleterious TE insertions might 102 become fixed in very small populations as the intensity of selection decreases with 103 reduced population size. In agreement with this model, a recent large-scale study 104 across nematodes concluded that genetic drift was likely responsible for differences in 105 TE content across nematodes (Szitenberg et al., 2016) . 106
107
In the context of these potential models to explain the diversity in TE content, 108 it is important to understand the extent to which the balance between TE expression 109 and TE regulation is under selection. One way to study this is to use a mutation 110 accumulation (MA) framework in which replicate lines descended from a single 111 common ancestor are propagated under a regime of drastic population bottlenecks for 112 several hundred generations (Halligan and Keightley, 2009; Katju and Bergthorsson, 113 2019 We created spontaneous MA lines of C. elegans that were descended from a 128 single worm ancestor and propagated for ~400 generations under three population 129 size treatments of N = 1, 10 and 100 individuals per generation (Katju et al., 2015) . 130
The varying population size treatment in the experiment permitted a manipulation of 131 the strength of selection, with the N =1 lines evolving under close to neutral 132 conditions (minimal selection) and an incremental increase in the strength of selection 133 with increasing population size. We employed this framework to investigate how TE 134 expression evolves under conditions of near neutrality and under the influence of 135 increasing selection intensity. We show that overall TE expression increases in MA 136 lines with the smallest population size. We further show that expression increase 137 results in part from failure of piRNA-mediated silencing. Intriguingly, differences in 138 the responses of different TEs to reduced piRNA-mediated silencing depend on the 139 In order to assess the effect of selection on TE expression, we generated 154 mutation accumulation (MA) lines and propagated them by randomly selecting N 155 individuals at each generation, where N was either 1, 10 or 100 (Katju et al., 2015) . 156
Henceforth we refer to the three conditions as N.1, N.10 or N.100 ( Figure 1A ). After 157 409 generations, we isolated RNA and performed RNA sequencing to investigate TE 158 expression. The fundamental difference between these conditions is the size of the 159 bottleneck that the population is subjected to in each generation. However, it is 160 inevitable that the population density will also vary between the three population size 161 treatments, resulting in environmental differences that could introduce variation in 162 gene expression among the experimental lines maintained at these three population 163 sizes. To counteract this, all lines were maintained in similar conditions including no 164 population bottleneck differences for three generations prior to RNA extraction. 165 Therefore, the most likely explanation for any differences in TE expression that we 166 observe is the different strength of purifying selection between the three population 167 size treatments during MA. 168
169
MA lines from all three population size treatments showed an increase in total 170 TE expression relative to the pre-MA ancestral control; moreover, N.1 had higher 171 total TE expression than N.10 or N.100. Across increasing population sizes, we 172 observed a monotonic decrease in total TE expression (Jonckheere test for ordered 173 medians; henceforth Jh, p = 0.02; Figure 1B ). Similarly, linear regression analysis 174 showed a significant negative correlation between increasing population size and TE 175 expression (linear regression; henceforth LR, p = 0.02 Figure 1B ). The mean 176 expression across all changes in TEs normalized to the pre-MA ancestral control 177 showed a significant tendency to decrease as the population size increased (Jh, p = 178 0.003; LR, p = 0.02; Supplemental Figure 1A TEs, notably the DNA transposon Turmoil2, showed more consistent increases across 212 the N.1 lines compared to the N.10 and N.100 lines ( Figure 1D ). Indeed, the majority 213 of the total effect on TE expression seen in Figure 1B could be attributed to one TE 214 family, the Turmoil2 TEs, which showed a large expression increase across the 215 a large increase in expression was observed in a few N.1 lines while retaining low 218 expression in the remainder N.1 lines as well as the N>1 lines ( Figure 1E ). 219 220 We next investigated the timecourse of TE desilencing during propagation of 221 the MA lines. We performed gene expression analysis by RNA-Seq on 11 N.1 lines 222 at 25 and 100 MA generations. Median total TE expression showed a highly 223 significant increase with increasing numbers of generations (Jh, p = 2.6´10 -5 ; Figure  224 1F). Linear regression analysis confirmed a positive relationship between increased 225 numbers of generations and increased TE expression (LR, p = 4.4´10 -3 ; Figure 1F ). 226 Different TEs showed different kinetics of desilencing. Turmoil2 showed a positive 227 relationship between the number of MA generations and expression (LR p = 3.9´10 -3 ) 228 and a monotonic increase in median expression (Jh, p = 2.6´10 -3 ; Figure 1G ). 229
Contrastingly, Tc1 desilencing did not show a positive linear relationship between the 230 number of MA generations and expression (LR, p = 0.14; Figure 1H ) though there 231 was a significant increase in median expression (Jh, p = 4.2´10 -6 ). 232
233
We further investigated whether the expression of TEs in individual MA lines 234 correlated with the expression of other TEs. The majority of TEs showed little 235 correlation with the expression of other TEs (Figure 2A copy-number increased with decreasing population size (Jh, p = 8.0´10 -4 ; LR, p = 248 4.2´10 -3 Figure 3A ). Across all lines, there was a significant positive correlation (LR, 249 p = 0.01) between increased copy-number and increased expression, although this was 250 driven by N.1 lines and not apparent in the N.10 and N.100 lines ( Figure 3B ). 251 Furthermore, Turmoil2 elements, which exhbitied the largest changes in expression, 252 displayed no correlation between expression changes and copy-number increases 253 ( Figure 3C ). We conclude that increased TE copy-number was not the primary cause 254 of increased TE expression. Moreover, increased expression of specific TEs did not 255 always lead to increased copy-number. targeted by piRNAs. TEs targeted by piRNAs showed a statistically significant 268 increase in total expression in the N.1 lines (Jh, p = 0.02; LR, p = 0.03; Figure 4A ) 269 whilst TEs that were not targeted by piRNAs were not significantly altered (Jh, p = 270 0.47; LR, p = 0.27; Figure 4B ). Figure 3) . However, the trend was not significant (Jh, p = 0.12). 281
Moreover, on average, we identified only 1.1 piRNA sequences with mutations across 282 the N.1 lines. Thus, we conclude that the increase in TE expression is unlikely to be 283 related to mutations in specific piRNAs. 284
285
We next considered the expression of individual piRNA loci. We identified 286 piRNA loci with significantly altered median expression between N.1 lines and N.10 287 and N.100 lines combined using the Wilcoxon unpaired test. A small percentage of 288 piRNA loci showed significant differences but overall there was no trend for these 289 loci to show reduced expression in the N.1 lines. Indeed, these loci were more likely 290
to have higher expression in the N.1 lines ( Figure 4C ). Thus, changes in piRNA 291 expression are unlikely to explain the changes we observed in TE expression. 292 293 22G-RNAs act downstream of piRNAs to bring about target silencing (Das et 294 al., 2008) . Surprisingly, although 22G-RNAs silence TEs, we found that the total 295 levels of 22G-RNAs mapping to TEs were increased in lines with smaller population 296 sizes, although this increase was on the border of significance (Jh, p = 0.05; LR, p = 297 0.07; Figure 4D ). To examine this in more detail, we analysed 22G-RNAs at correlated inversely with changes in 22G-RNA levels (LR, p = 2.0´10 -5 , Figure 4F ). 310
Thus, the increased transcript levels of Turmoil2 elements is associated with reduced 311 22G-RNAs. We conclude that the increased transcript levels of some TEs may be 312 caused by reduced small RNA-mediated silencing, but that some increases in TE 313 transcript levels occur independently of 22G-RNA changes. TEs in regulated domains and in classical heterochromatin showed no significant 331 overall increase in expression ( Figure 5A unpaired test, p = 0.02). There was also a trend towards decreased median expression 337 with increasing population size although this was on the border of significance (Jh, p 338 = 0.07; LR, p = 0.08; Figure 5C Figure 6A ). Contrastingly, only TEs with low PATC density showed 355 significantly increased 22G-RNAs in N.1 lines relative to N.10 and N.100 (Jh, p = 356 0.02; LR, p = 0.01; Figure 6B ). Importantly this effect was specific to PATC 357 sequences as GC-content alone had no significant effect on either TE expression or 358 small RNA generation (Supplemental Figure 4A, B ). We conclude that low PATC 359 density is required for 22G-RNA generation, which may be required to restrain TE 360 activation. We tested whether the chromatin environment modulated the effect of 361 PATC sequences on TE reactivation in MA lines. Importantly, PATC content was 362 similar in TEs across active, classic heterochromatin and regulated domains 363 (Supplemental Figure 4C ). 22G-RNAs were significantly increased in low PATC 364 regions within regulated domains (Jh, p = 0.02; LR, p = 0.11) and classical 365 heterochromatin domains (Jh, p = 0.06; LR, p = 0.04) but not in active domains 366 ( Figure 6C, D) . In contrast, there were no significant changes in 22G-RNA levels in 367 high PATC regions within these domains ( Figure 6C The fitness effects of mutations range continuously from lethal to deleterious 597 to neutral to beneficial. In small populations, beneficial mutations can be lost and 598 detrimental mutations fixed by random chance events (genetic drift). The loss or 599 fixation of mutations depend upon both their selection coefficients (s) and the 600 effective population size, Ne. It has been shown that for sexually reproducing diploids, 601 the dynamics of mutations with |s| << 1/2Ne are dominated by random genetic 602 drift (Kimura, 1962) . Therefore, small populations subjected to attenuated selection 603 and an increased magnitude of genetic drift can potentially accumulate mutations with 604 extremely large effects in addition to ones with moderate to very slight effects. With 605 increasing population size, the efficiency of natural selection is increased. The 606 differences in populations size in this MA experiment alters the relative importance of 607 genetic drift versus natural selection in the fixation or loss of mutations, with genetic 608 drift having the greatest influence in N = 1 lines and natural selection having greater 609 influence in populations that were bottlenecked at 10 and 100 individuals each 610 generation. 611
612

RNA Library Preparation, Sequencing, and Analysis of Transcript Abundance 613 614
The library preparation and RNA-sequencing procedures have previously been 615 described in detail (Konrad et al., 2018) . Briefly, we isolated one, two, and three 616 individuals each of the N.1, N.10, and N.100 lines, respectively. These 55 worms, as 617 well as one individual from the ancestral population, were each sequestered to NGM 618 plates seeded with OP50, where they were allowed to self-fertilize and reproduce at 619 20ºC. Three offspring worms at the L4 larval stage were isolated from each of the F1 620 populations to serve as biological replicates. These 168 individual worm samples 621 were allowed to reproduce for three generations to yield enough tissue for RNA 622 extraction. A standard bleaching protocol was used to collect gravid eggs from adults 623 in order to generate synchronized populations of L1 larvae. Total RNA was isolated 
